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ABSTRACT 
T h i s  r e p o r t  c o n t a i n s  a d e s c r i p t i o n  of the measurement of molecular 
oxygen in  the  upper  a tmosphere  by a b s o r p t i o n  s p e c t r o s c o p y  u s i n g  s o l a r  Lyman-a 
r a d i a t i o n .  The exper imenta l   a r rangement   used   in   the   payloads  of Nike  Apache 
r o c k e t s  and t h e  method of a n a l y s i s  a r e  d e t a i l e d .  D a t a  f r o m  r o c k e t  f l i g h t s  
a t  Wal lops  I s l and ,  V i rg in i a ,  and F o r t  C h u r c h i l l ,  M a n i t o b a ,  f o r  t h e  a l t i t u d e  
range 70 t o  112 km a re   p re sen ted .   Conc lus ions   a r e  drawn  from t h i s  and o t h e r  
da t a  ob ta ined  by  abso rp t ion  spec t roscopy .  
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MOLECULAR OXYGEN DENSITIES FROM ROCKET MEASUREMENTS 
OF LYMAN-a ABSORPTION PROFILES 
By Les l ie  G .  Smith  and  Lawrence Weeks 
INTRODUCTION 
The two bas i c  me thods  fo r  de t e rmin ing  the  concen t r a t ion  o f  d i f f e r e n t  
n e u t r a l  s p e c i e s  i n  t h e  u p p e r  a t m o s p h e r e  are abso rp t ion  spec t roscopy  and  mass 
spec t roscopy .  A t  p r e s e n t ,   a b s o r p t i o n   s p e c t r o s c o p y  i s  p r e f e r r e d   f o r   a c c u r a t e  
q u a n t i t a t i v e  d e t e r m i n a t i o n s  b e c a u s e  t h e  d a t a  i n t e r p r e t a t i o n  i s  r e l a t i v e l y  
unambiguous  and  s t ra ightforward.  The accuracy o f  v a r i o u s  mass s p e c t r o m e t r i c  
methods i s  compromised by e f f e c t s  a s s o c i a t e d  w i t h  m o t i o n  o f  t h e  r o c k e t  
( v e l o c i t y  and o r i e n t a t i o n )  and r e a c t i o n s  a t  t h e  walls of t he  in s t rumen t .  
Spec t rog raphs ,  capab le  o f  measu r ing  the  abso rp t ion  p ro f i l e  o f  s o l a r  
r a d i a t i o n  i n  a very narrow wavelength band,  permit  very accurate  analyses  of  
t h e  p e r t i n e n t  c o n s t i t u e n t s ;  h o w e v e r ,  much less  c o s t l y  i n s t r u m e n t s  a r e  s u f f i -  
c i e n t l y   a c c u r a t e   f o r  some appl ica t ions .   These   inc lude   ion   chambers ,   gas   ga in  
and   p ropor t iona l   de t ec to r s ,   and   Ge ige r   coun te r s .  Of these,   ion  chambers  p e r -  
m i t  the  most  accura te  f lux measurements,  but they can only be used when the  
i n c i d e n t  f l u x  i n  t h e  w a v e l e n g t h  band t o  be measured i s  s u f f i c i e n t l y  h i g h .  
The o p e r a t i o n  of t h e s e  d e t e c t o r s  d e p e n d s  o n  i o n i z a t i o n  o f  t h e  g a s  c o n -  
t a i n e d  i n  them  and t h e   a p p l i e d   v o l t a g e .  The long-wavelength l i m i t  i s  d e t e r -  
mined by t h e  i o n i z a t i o n  t h r e s h o l d  o f  the   gas   and   the   shor t -wavelength  limit 
i s  s e t  by t h e   t r a n s m i s s i o n   c h a r a c t e r i s t i c s   o f   t h e  window m a t e r i a l .  The de -  
t e c t o r s  u t i l i z i n g  t h i s  p r i n c i p l e  t h a t  a r e  p r e s e n t l y  a v a i l a b l e  f o r  r o c k e t  o r  
s a t e l l i t e  measurements  provide  var ious  spec t ra l  bands  f rom . 1 t o  602 and 
1050 t o  15908 [l]". 
A p a r t i c u l a r  a t m o s p h e r i c  c o n s t i t u e n t  ( o r  c o n s t i t u e n t s )  i s  s e l e c t e d  by 
the  choice  of  wavelength  bands  to  be  measured, and t h e  a b s o r p t i o n  c o e f f i c i e n t  
of   the  a tmosphere a t  t h i s  wave leng th  then  se t s  t he  he igh t  r ange  fo r  t he  
measurements. The a b s o r p t i o n  o f  s o l a r  h y d r o g e n  Lyman-a i s  p a r t i c u l a r l y  u s e -  
fu l  fo r  t he  measu remen t  o f  t he  molecu la r  oxygen  concen t r a t ion  s ince  molecu la r  
oxygen i s  the  p r imary  abso rbe r  and s i n c e  s u i t a b l e  i o n  c h a m b e r s  a r e  a v a i l a b l e .  
Although the response o f  t h e  i o n  chamber fo r  measu r ing  Lyman-a r a d i a t i o n  is  
several  hundred angstroms wide,  a v i r t u a l l y  monochromatic  response i s  achieved 
b e c a u s e  o f  t h e  l a r g e  f l u x  o f  Lyman-QI compared w i t h  o t h e r  w a v e l e n g t h s  i n  t h e  
band p a s s  and  because  these  o ther  wavelengths  a re  removed  by a b s o r p t i o n  a t  
much g r e a t e r  a l t i t u d e s .  
-L 
"Numbers i n  [ ] t h roughou t   t he   t ex t   i nd ica t e   r e f e rence   numbers .  
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T h i s  r e p o r t  i s  based on exper ience  wi th  these  de tec tors  ob ta ined  on 
two sounding rocket programs for the National Aeronautics and Space Admin- 
i s t r a t i o n ,  b o t h  u s i n g  Nike Apache rockets .  Dur ing  the  so la r  ec l ipse  of 
20 J u l y  1963, the primary purpose of the Lyman-a measurement was t o  o b s e r v e  
t h e  r e d u c t i o n  i n  f l u x  as the sun was ec l ip sed .  The abso rp t ion  p ro f i l e  o f  
Lyman-a was a l so  ob ta ined  and i s  i n c l u d e d  i n  t h i s  s t u d y .  A s  p a r t  of t h e  
U.S. p a r t i c i p a t i o n  i n  t h e  IQSY, these measurements are being made a t  more- 
o r - l e s s  r e g u l a r  i n t e r v a l s  d u r i n g  1964  and i n  1965. In t h e s e  f l i g h t s ,  t h e  
measurement of the molecular oxygen profile i s  the pr imary object ive.  
Fea tures  of the  Lyman-a ion  chambers and r e l a t ed  in s t rumen ta t ion , a s  
wel l  as  der iva t ion  of  the  formulae ,  method of d a t a  a n a l y s i s ,  and a n  e r r o r  
d i scuss ion ,  pe r t inen t  t o  the  measurement of molecular  oxygen in  the upper  
atmosphere,   are  given. The observa t ions   a re   p resented  and conclusions drawn 
from t h i s  and o ther  da ta  obta ined  by absorpt ion spectroscopy.  
2 
INSTRUMENTATION 
A c r o s s - s e c t i o n   o f   t h e   i o n  chamber i s  shown i n  F i g u r e  1 [2 ] .  The 
ceramic housing of  a lumina,  i s  p l a t e d  w i t h  g o l d  o n  t h e  i n s i d e  o f  t h e  c y l i n d r i -  
c a l  s e c t i o n  t o  m i n i m i z e  p h o t o - e l e c t r i c  e m i s s i o n  and to  exc lude  chemica l  r eac -  
t i o n  w i t h  t h e  g a s .  A kovar  connec to r ,  wh ich  a l so  se rves  a s  a g u a r d  r i n g ,  
p r e v e n t s  e l e c t r i c a l  l e a k a g e  a c r o s s  t h e  s u r f a c e  o f  t h e  c e r a m i c  t o  t h e  c e n t r a l  
e l e c t r o d e ,   a l s o   o f   k o v a r .  A c o p p e r   t u b e   c o n n e c t e d   t o   t h e   o u t e r   e l e c t r o d e  
( the  go ld  p l a t ed  inne r  su r face )  i s  u s e d  d u r i n g  f a b r i c a t i o n  t o  i n t r o d u c e  t h e  
g a s  i n t o  t h e  chamber.  The ion  chambers  used i n  t h e  r o c k e t  f l i g h t s  d e s c r i b e d  
h e r e  were manufac tu red  in  acco rd  wi th  the  de t a i l ed  desc r ip t ion  g iven  by 
Stober  [ 21. 
The experimental  arrangement  i s  des igned  fo r  a s p i n - s t a b i l i z e d  
sounding rocket  system in which the ion chamber  i s  f i x e d  i n  r e l a t i o n  t o  t h e  
r e s t  of   the   payload.   Although a minimum s p i n  r a t e  of 3 r p s  i s  needed  for   an 
adequa te  sampl ing  r a t e ,  a va lue  o f  6 r p s  h a s  g e n e r a l l y  b e e n  r e q u i r e d  f o r  
a d e q u a t e  s p i n  s t a b i l i z a t i o n  of the  Nike Apache r o c k e t s .  The modula t ion   of   the  
s ignal  produced by t h e  r o t a t i o n  o f  t h e  p a y l o a d  makes  slow d r i f t  o f  t h e  e l e c -  
t rometer  and a m p l i f i e r  u n i m p o r t a n t  ( w i t h i n  c e r t a i n  l i m i t s ) .  
The i o n  chamber i s  p o s i t i o n e d  i n  t h e  p a y l o a d  so a s  t o  be i n  t h e  most 
f a v o r a b l e   p o s i t i o n   t o   v i e w   t h e   s u n   f o r  a p a r t i c u l a r  f l i g h t .  A t y p i c a l   a r r a n g e -  
ment i s  shown i n   F i g u r e  2.  A s o l a r   a s p e c t   s e n s o r ,   d i r e c t l y   b e l o w   t h e   i o n  
chamber ,  provides  data  on t h e  a n g l e  a t  w h i c h  t h e  i o n  chamber  views  the  sun 
( a spec t  ang le )  [SI. This  permi ts  the  measured  ion  chamber  response  to  be  
c o r r e c t e d   f o r  i t s  e f f i c i ency   change   w i th   t he   ang le  of view.  Both  instruments 
a r e  p r o t e c t e d  b y  d o o r s  d u r i n g  r o c k e t  a s c e n t ,  w h i c h  a r e  r e l e a s e d  a t  a n  a l t i t u d e  
of   about  55 km. 
F igu res  3 and 4 show a block diagram and a schemat i c  o f  t he  e l ec t ron ic s  
used i n  t h e  measurement  of  ion  chamber  current.  The o u t e r   c y l i n d e r   o f   t h e   i o n  
chamber i s  b i a s e d  a t  "45 v o l t s  w i t h  r e s p e c t  t o  t h e  c e n t e r  p i n ,  and the  pos i -  
t i v e   c u r r e n t  i s  f e d   t o   t h e   e l e c t r o m e t e r .   S i n c e   t h e   o u t p u t   o f   t h e   f e e d b a c k  
e l ec t rome te r  ampl i f i e r  ( l ow ga in  ou tpu t )  i s  n e g a t i v e  f o r  a p o s i t i v e  i n p u t  
s i g n a l ,  a s u b c a r r i e r  o s c i l l a t o r  w i t h  a non-s tandard  input  range  of  0 t o  - 5  v o l t  
i s  used. The e l e c t r o m e t e r  i s  des igned   fo r  a maximum i o n  chamber c u r r e n t   o f  
5 x 10-9 amps. Th i s   cu r ren t   p roduces  a - 5  vo l t   ou tpu t   f rom  the   f eedback   e l ec -  
t r o m e t e r  a m p l i f i e r ,  a n d  t h i s  i s  f e d  d i r e c t l y  t o  t h e  t e l e m e t r y  s y s t e m .  
S m a l l  s i g n a l s  a r e  f u r t h e r  a m p l i f i e d  by a f a c t o r  o f  25 and ac  coup led  to  
ano the r   channe l   i n   t he   t e l eme t ry   sys t em.  The ampl i f i e r   p rov ides   phase   r eve r -  
s a l  so  t h a t  a s u b c a r r i e r  o s c i l l a t o r  o f  t h e  s t a n d a r d  i n p u t  r a n g e  0 t o  5 v o l t s  
may be  used. The system i s  ac   coupled   to   the   t e lemet ry   sys tem  through a 
c a p a c i t o r  t o  e l i m i n a t e  slow d r i f t ,  and  the  s igna l  i s  d c  r e s t o r e d  by a d iode .  
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The low-gain and high-gain -s of the telemetry system are calibra- 
ted  by applying 5 volts directly to  the input of the respective SCO. The 
calibration is applied when the calibration relay is energized. In-flight 
calibration is effected  by the  timer. 
The low-gain channel allows measurements of currents from 5 x 10 to - 11 
5 x A ,  while the high-gain channel has a range of 2 x to 2 x 
representing a dynamic range for the Lyman-a profile of 5 x 10"9/2 x = 
2500. This provides a favorable margin of safety against poor aspect condi- 
tions and low sensitivity. 
a 
LYMAN-a I O N  CHAMBER RESPONSE 
The d e s i r e d  low wavelength  cu tof f  for  the  ion  chambers  i s  achieved 
by   the   use   o f  a l i t h i u m  f l u o r i d e  window. A 1 t o  2 mm th i ck  sample  p rov ides  
a t r a n s m i s s i o n  c u t o f f  a t  10508. Two d i f f e r e n t  g a s  f i l l s  were  used i n  t h e  
r o j e c t ,  15 mm of CS2, and i n  t h e  IQSY p r o j e c t ,  20 mm NO. Although 
h igh  wave leng th  ion iza t ion  cu to f f  o f  t he  CS2 p rov ides  a narrower 
bandpass  than the 13508 c u t o f f  o f  NO, i t  was  found i n  t h e  e c l i p s e  p r o j e c t  
t h a t  t h e  CS2 became  degraded  du r ing  f l i gh t ,  a l t e r ing  the  r e sponse  o f  t he  ion  
chamber L41. Consequently,  i n  t h e  l a t e r  measurements, NO g a s  f i l l  was  used 
w h i c h  w i t h  t h e  l i t h i u m  f l u o r i d e  windows provided the bandpass  10502 t o  1350g. 
The pronounced  degraga t ion  observed  wi th  the  CS2 f i l l e d  i o n  c h a m b e r s  w a s  
cons iderably  reduced  when NO was used. 
The typ ica l   quan tum  y i e ld  (photoelectrons/quantum) f o r  t h e s e  two g a s e s  
i s  g i v e n   i n   F i g u r e s  5 [SI and 6 [63. Not a l l   ion   chambers ,   however ,   have  
t h e  a c t u a l  r e s p o n s e  shown h e r e ,  p r i m a r i l y  b e c a u s e  o f  d i f f e r e n c e s  i n  t h e  
t r ansmiss ion   o f   t he   l i t h ium  f luo r ide   w indows .   D i f f e rences   i n   t he   qua l i t y  
o f  t h e  c r y s t a l  and  contamination  of  the window s u r f a c e ,  p a r t i c u l a r l y  t h e  
abso rp t ion   o f   wa te r   vapor   f rom  the   a i r   causes   t hese   d i f f e rences .   These  
changes  a re  not  s ign i f icant ,  however ,  except  f rom the  poin t  of  v iew of  aspec t  
co r rec t ions .   S ince   t he   r e sponse  i s  c o n s i d e r a b l y   g r e a t e r   a t  Lyman-Q: (1215.72) 
t h a n  n e a r  t h e  h i g h  and low w a v e l e n g t h  c u t o f f s ,  t h e  e f f e c t  o f  t h e  r a d i a t i o n  
near   the   bandpass  l i m i t s  i s  small .  
The i n c i d e n t  i n t e n s i t y  of Lyman-Q: i s  3 t o  6 ergs/cm  sec,   and i t  dominates 
L 
t he   r ad ia t ion   i n   t he   wave leng th   band   1050   t o   1350a .   Var ious   e s t ima tes  i n d i -  
c a t e  t h a t  i t  c o n s t i t u t e s  a t  l e a s t  80 t o  90% o f  t h e  t o t a l  p h o t o n  f l u x  a t  t h e  
top  of  the  atmosphere.  By the  t ime  the Lyman-Q: r e a c h e s   t h e   v i c i n i t y   o f   u n i t  
o p t i c a l  d e p t h ,  t h e  res t  o f  t h e  r a d i a t i o n  i n  t h e  b a n d p a s s  h a s  b e e n  s t r o n g l y  
a t t e n u a t e d  by the  atmosphere.   Only  the  very  small  amount  of r a d i a t i o n  a t  
the  wavelengths  1187,  1167,  1157,  1143  and 11088 i s  absorbed b 
phe re   w i th   comparab le   c ros s   s ec t ion  ( 4  x 10-21   t o  2 x cm 3 ) .  the  Thus, atmos- by 
the  t ime  the  measured  f lux  has   been  reduced  about  90% f rom the  inc iden t  va lue ,  
Lyman-Q: c o n s t i t u t e s  v i r t u a l l y  100% of the measured ion chamber response.  
A s  i s  shown b e l o w  ( A n a l y t i c a l  E x p r e s s i o n s ) ,  a b s o l u t e  c a l i b r a t i o n  o f  t h e  
ion chambers  i s  no t  necessa ry  fo r  t he  de t e rmina t ion  o f  t he  molecu la r  oxygen  
number d e n s i t y   p r o f i l e .  However, f o r   t h e   e c l i p s e   p r o j e c t   t h e   n e c e s s a r y  
i n s t r u m e n t a t i o n  was a v a i l a b l e  so t h a t  t h e  s e n s i t i v i t y  ( t o  Lyman-Q: r a d i a t i o n )  
of  the  ion  chambers  was de te rmined  by  the  technique  out l ined  in  Appendix  A. 
Typica l   va lues   r ange   f rom 2 x t o  1 x A sec  c m  /photon.  For  the 
IQSY s tudy ,  t he  r e sponse  o f  t he  ion  chambers  to  an  unknown b u t  c o n s t a n t  
Lyman-a f l u x ,  compared  wi th  tha t  o f  ion  chambers  serv ing  as  secondary  s tand-  
a rds ,  p rov ided  in fo rma t ion  a s  to  the  r ange  o f  cu r ren t s  t o  be  expec ted  du r ing  
f l i g h t .  An a lmost   pure  Lyman-Q: f l u x  i n  t h e  r a n g e  1050 t o  13502  was  obtained 
i n  t h e  l a b o r a t o r y  f r o m  a d c  d i s c h a r g e  i n  a l ow p res su re  mix tu re  o f  fou r  pa r t s  
of  hel ium to one par t  of  hydrogen [7] .  
2 
9 
h 
c 
t 
Q) 
g20 .I 
0 
W 
1 
IO 
2 7  
a -  
H 
I- z 
4 -  
I 
1 ! 
I 
I 
I I I ' I  
WlNDOW - L i f  
FILLING-CS2 
1000 
i 
! 
t 
I 
1 
I 
I100 I200 
WAVE LENGTH (angstroms 1 
Figure 5. Spectral  sensitivity of Lyman-alpha i o n  chamber (CS2 gas f i l l ) .  
60 
40 
20 
0 
WINDOW - LiF 
FILLING - NO 
I I 
i 100 1200 1 3 0 0  
WAVE LENGTH (ANGSTROMS) 
Figure 6. Spectral  sensitivity of Lyman-alpha  ion  chamber (NO gas fill). 

ASPECT SENSITIVITY OF I O N  CHAMBER 
The r e sponse  o f  t he  Lyman-Q: ion chambers i s  dependent on t h e  d i r e c t i o n  
of   the   incoming  rad ia t ion .   This   change   in   response  i s  due t o  s e v e r a l  f a c t o r s  
whose n e t  e f f e c t  i s  t o  r e d u c e  t h e  e f f i c i e n c y  of t h e  i o n  chamber as t h e  
ang le  of i nc idence  fo r  t he  incoming  r ad ia t ion  ( a spec t  ang le )  i s  i n c r e a s e d .  
B e c a u s e  t h e  a s p e c t  s i t u a t i o n  c o n t i n u a l l y  c h a n g e s  d u r i n g  f l i g h t ,  t h e  p r o p e r  
c o r r e c t i o n s  t o  t h e  m e a s u r e d  i o n  chamber output  cur ren t  mus t  be  made so t h a t  
a l l  d a t a  may b e  r e f e r r e d  t o  t h e  same measur ing  condi t ions ,  convenient ly  taken  
t o  be  normal  inc idence  (zero  aspec t  angle) .  
The e f f i c i e n c y  of a n  i o n  chamber a t  normal incidence depends on t h e  
t r ansmiss ion  o f  t he  window  and t h e  a b s o r p t i o n  o f  t h e  g a s  f i l l  f o r  t h e  i n -  
coming r a d i a t i o n .  A t  o the r   t han   no rma l   i nc idence ,   t he   pa th   o f   t he   r ad ia t ion  
i n  t h e  window i s  i n c r e a s e d  and t h e  p a t h  i n  t h e  g a s  may be increased or  de-  
creased  depending on  geometry. I n   a d d i t i o n ,   a t   n o n - n o r m a l   i n c i d e n c e ,   t h e r e  
i s  a r e d u c t i o n  i n  t h e  i n c i d e n t  r a d i a t i o n  b e c a u s e  of  the  smal le r  pro jec ted  
a rea  of t h e  window i n  t h e  d i r e c t i o n  of  the  incoming  f lux.  T h i s  r e d u c t i o n  
f a c t o r  i s  cos a, where a i s  the  aspect   angle .   Edges  around  the window 
may a l s o  r e d u c e  t h e  f l u x ,  p a r t i c u l a r l y  a t  l a r g e  a s p e c t  a n g l e s .  
For  the  ion  chamber  des ign  used  in  the  present  s tudy ,  there  i s  no 
r e d u c t i o n  o f  t h e  p a t h  o f  t h e  r a d i a t i o n  i n  t h e  g a s  u n t i l  t h e  a s p e c t  a n g l e  
i s  g r e a t e r   t h a n   a b o u t  23O. For   an  aspect   angle   of  30°, t h e   p a t h   i n   g a s  i s  
only  reduced  about  16%. Th i s  w i l l  r educe   the   percentage   o f   f lux  (Lyman-a) 
absorbed   in   the   gas   on ly   about  2%. S i n c e   a s p e c t   a n g l e s   l a r g e r   t h a n  30° can 
be  avoided by  a s u i t a b l e  o r i e n t a t i o n  of t h e  chamber wi th in  the  pay load ,  any  
changes  in  e f f i c i ency  due  to  a r e d u c e d  r a d i a t i o n  p a t h  i n  t h e  g a s  a r e  n e g l e c -  
t ed   he re .   A l so   t he   e f f ec t  of  edges on the  amount  of f l u x   e n t e r i n g   t h e   i o n  
chamber w i l l  be n e g l i g i b l e  f o r  s u c h  a s p e c t  a n g l e s .  
The change i n  window t h i c k n e s s  f o r  o b l i q u e  i n c i d e n c e  r e s u l t s  i n  a 
r educ t ion  o f  t r ansmiss ion  tha t  depends  on t h e  f r a c t i o n  o f  r a d i a t i o n  t r a n s -  
m i t t e d  by t h e  window a t  normal   incidence T. I f  t h e  r a d i a t i o n  t r a v e r s e s  t h e  
window a t  an  aspec t  angle  a ,  t h e  f r a c t i o n  o f  r a d i a t i o n  t r a n s m i t t e d  w i l l  be 
g iven  by 
T ( a )  = e X p [ h T .  ( s e c a  - l)]. 
However, s i n c e  t h e  i n d e x  o f  r e f r a c t i o n  n of the window w i l l  be g r e a t e r  t h a n  
u n i t y ,   t h e   p a t h  of r a d i a t i o n  w i l l  be  reduced  somewhat. It i s  found t h a t  
t h e  f r a c t i o n  of r a d i a t i o n  t r a n s m i t t e d  i s  then  g iven  by 
f 
T(a,n) = exp In T . -l 
n - l"1 )- . 
nL - s i n 2 a  - 
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T h u s  t h e  t o t a l  a s p e c t  c o r r e c t i o n  t o  b e  a p p l i e d  t o  t h e  m e a s u r e d  i o n  c h a m b e r  
o u t p u t  c u r r e n t  I(a) i s  given by:  
Fo r  l i t h ium f luo r ide ,  t he  index  of  r e f r a c t i o n  i n  t h e  u l t r a v i o l e t  h a s  b e e n  
measured [8] ,  and a value  of   1 .608 f o r  Lyman-a i s  used   he re .   Th i s   a l l ows   t he  
a spec t  co r rec t ion  to  be  computed  in  t e rms  o f  t he  window t r a n s m i s s i o n  a t  n o r -  
mal   incidence.  The change i n   t r a n s m i s s i o n   f o r   d i f f e r e n t   l i t h i u m   f l u o r i d e  
windows i s  p robab ly  due  to  d i f f e ren t  amoun t s  of water  vapor  absorbed  onto  a 
s m a l l   s u r f a c e   l a y e r  and w i l l  n o t   a l t e r   t h e   v a l u e   o f   n .   F i g u r e  7 shows t h e  
computed   change ,   no rma l i zed   t o   cosa ,   fo r   s eve ra l   t yp ica l  window t r a n s m i s s i o n  
v a l u e s .  
For a 20-mm f i l l i n g  of n i t r i c  ox ide  gas ,  97 .6% of  the  Lyman-a r a d i a t i o n  
t ransmi t ted   by   the  window i s  s t o p p e d  i n  t h e  g a s .  The r e l a t i o n  b e t w e e n  window 
t r a n s m i s s i o n  and i o n  chamber s e n s i t i v i t y  S i n  A sec lpho ton  i s  t h e r e f o r e  g i v e n  
by: 
s = 1.26 x ~ o - ~ ~ T ,  
w h e r e  t h e  p h o t o i o n i z a t i o n  e f f i c i e n c y  o f  t h e  n i t r i c  o x i d e  i s  t a k e n  t o  b e  81%. 
From an  abso lu te  ca l ib ra t ion  o f  t he  ion  chamber ,  i t  i s  t h e n  p o s s i b l e  t o  d e t e r -  
mine t h e   r e q u i r e d   a s p e c t   c o r r e c t i o n   f r o m   t h e   a s p e c t   a n g l e   d a t a .   F o r t u n a t e l y ,  
t he  expe r imen t s  can  be  usua l ly  des igned  s o  t h a t  t h e  a s p e c t  a n g l e s  e n c o u n t e r e d  
d u r i n g   f l i g h t ,   a r e   l e s s   t h a n  15 . It i s  seen  f rom  Figure 7 t h a t   t o   w i t h i n  
3% e r r o r , t h e  s i m p l e  s e c a  c o r r e c t i o n  c a n  t h e n  b e  u s e d .  
0 
The a s p e c t  s e n s i t i v i t y  o f  t h e  i o n  chamber  can  be  determined  experimentally 
d u r i n g   t h e   c a l i b r a t t o n   p r o c e d u r e .  However, i t  i s  d i f f i c u l t  t o  o b t a i n  t h e  re- 
q u i r e d   a c c u r a c y   i n   t h e   l a b o r a t o r y .  It i s  p r e f e r r e d   t o   u s e  En a s p e c t   c a l i b r a -  
t i on  ob ta ined  du r ing  the  f l i gh t  by  mak ing  use  o f  t h e  r o c k e t  p r e c e s s i o n a l  
mot ion .   Near   rocke t   apogee   the   so la r   f lux  may be  assumed  constant and t h e  
v a r i a t i o n  i n  i o n  chamber  cu r ren t  cons ide red  to  be  en t i r e ly  caused  by change 
i n  a s p e c t  a n g l e .  The r a t i o  o f  t h e  c u r r e n t  a t  a n  a s p e c t  a n g l e  a t o  t h a t  a t  
normal   incidence (U = 0 ) i s  p l o t t e d  a g a i n s t  a n g l e  t o  g i v e  t h e  c a l i b r a t i o n  
curve.  
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Figure 7. Reduction of i o n  chamber  efficiency  due to increased  radiation 
path  in  window €or typical  values of T. 

ANALYTICAL EXPRESSIONS 
The flux of radiation at the observing point is related  to the incident 
flux by  the  following  expression: 
where u is the absorption cross section at the wavelength of the radiation 
(assumed monochromatic) and nT is the columnar number density between the 
source and  the  observing  point. Since the assumption of a monochromatic 
response i s  valid for this ion chamber, the quantity I can also be  considered 
to represent the  measured ion chamber output current in the formulae  that 
follow. 
Equation (5) is generally used in its differential form: 
1 dI - dn T 
I dz dz 
" _  - m  -
The evaluation of n for  the  earth's atmosphere in the most general case 
presents considerabTe mathematical difficulty [ g ] .  Fortunately several 
approximate expressions of sufficient accuracy  for the present application 
have been  developed. 
When the solar zenith angle is not too large, the curvature of the 
earth may be  ignored. Then from Figure 8a, 
Thus, substituting in Equation (7) and re-arranging, 
1 1 dI n(z) = ___ - -mecX I dz ( 8 )  
When used for determination of molecular oxygen in the upper atmosphere by 
absorption of Lyman-a , this formula, obtained in the flat-earth approxi- 
mation, results in an error of no more than 1%  for X 5 7 3 O .  The error 
is 10% at 85 and increases rapidly for greater zenith angles. A formula 0 
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Figure 8 .  Geometry f o r  incoming r a d i a t i o n .  
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the  range 85 < X < 90° i s  adapted from the general  case of  X > 90 . 0 - 
The g e o m e t r i c a l  s i t u a t i o n  r'or X > 90 i s  shown i n  F i g u r e  8 b .  The r a y  
f r o m  t h e  s u n  t o  t h e  r o c k e t  a t  P p a s s e s  t h e  p o i n t  of maximum p a r t i c l e  d e n s i t y  
a t  p o i n t  0 above   t he   ea r th ' s   su r f ace .  It i s  assumed t h a t  t h e  e a r t h  i s  sphe r i -  
c a l  and t h a t  r e f r a c t i o n  i s  neg l ig ib l e .   S ince   mos t   abso rp t ion  i s  t ak ing   p l ace  
i n  t h e  v i c i n i t y  o f  t h e  p o i n t  0, t h e  i n t e n s i t y  m e a s u r e d  a t -  P u l t i m a t e l y  l e a d s  
t o  t h e  number d e n s i t y  a t  0. I n  t h i s  c a s e  i t  i s  t h e r e f o r e   c o n v e n i e n t   t o   d e f i n e  
t h e  r o c k e t  p o s i t i o n  i n  terms o f  t h e  minimum ray  he igh t  wh ich  i s  g iven  by 
0 
h = (R + z )  cos(X - 90) - R. ( 9 )  
By i n t e g r a t i n g  a l o n g  t h e  r a y  f r o m  t h e  r o c k e t  t o  t h e  sun ,one  ob ta ins  the  
columnar  density  nT(h).   Measuring  distance s along the  ray  f rom 0 
00 P 
I r j  
nT(h) =j n d s  +j n d s .  
0 0 
I n  o r d e r  t o  e v a l u a t e  t h e  i n t e g r a l s  i t  i s  n e c e s s a r y  t o  s p e c i f y  t h e  v a r i a t i o n  
of  n wi th   he igh t .  Assume an   exponent ia l   form  def ined  by t h e  s c a l e  h e i g h t  
H. Thus , 
where  n(x) i s  the  number d e n s i t y  a t  a h e i g h t  (11 + x)  above  the  ear th ' s  sur -  
f ace  and n ( h )   t h e   v a l u e   a t   t h e   h e i g h t   h .   U s i n g   E q u a t i o n  (11) and t h e   r e l a t i o n  
between s and x,  
s 2  = (R + h + x)2  - ( R  f h )  = x(2R + 2h + x ) ,  2 (12) 
i t  i s  e a s i l y  shown t h a t  
j'. d s  = n(h)  . ' (R+ h + x)  exp(-x/H) dx (13) J' xi (2R + 2h + x); 
S ince  ove r  t he  r eg ion  of t h e  i m p o r t a n c e  i n  t h e  c a l c u l a t i o n ,  R i s  much g r e a t e r  
t han  h and x ,  t h i s  a p p r o x i m a t e s  t o  
19 
S e t t i n g  u = x/H, 2 
0 
where u = u /  a t  t h e  r o c k e t  p o s i t i o n  P. N o t i n g  t h a t  e r f  u fi: 1 f o r  l a r g e  u, 
i t  i s  found  that 
- 1
where u /  i s  g iven  by 
w i t h  X i n  d e g r e e s  and H i n  km. Thus u /  i s  near ly  independent  of h and t h e  
f a c t o r  (1 + e r f  u / )  may be  r ega rded  a s  cons t an t  when Equat ion (16)  i s  d i f -  
f e r e n t i a t e d  w i t h  r e s p e c t  t o  h t o  o b t a i n :  
1 
- =  dnT <.:.>1 - . (1 + e r f  u') . - dn dh  dh 
o r  
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s i n c e  
& = - n o  
dh H 
Thus,  from Equation (6), w r i t t e n  i n  t e r m s  of h t h e  minimum r a y  h e i g h t ,  
i n s t e a d  of z 
where 
S u b s t i t u t i n g  f o r  u /  f r o m  E q u a t i o n  (17)  and u s i n g  t h e  v a l u e  f o r  R,  w i th  X 
i n  d e g r e e s ,  and H i n  km g i v e s  t h e  o p t i c a l  d e p t h  f a c t o r  F: 
Swider  has  poin ted  out  tha t  th i s  formula  agrees  wi th  an  exac t  ca lcu la t ion  
w i t h i n  1% f o r  90 < X < looo, R+z = 6550 2 130 km, and H 5 130 km [g 1. The 
f unc t i  on 
"
i s  p l o t t e d  a g a i n s t  
i n  F i g u r e  9. When X - > 93O, t h e  r o c k e t  i s  fo r  p rac t i ca l  pu rposes  above  the  
absorb ing  ' reg ion  for  molecular  oxygen ,  and a n  e r r o r  of no  g rea t e r  t han  abou t  
10% r e s u l t s  f rom approx ima t ing  the  e r ro r  func t ion  to  un i ty .  
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6 .  
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2 
krn"/2) 
f o r  X > 90'. 
Then 
The e r r o r  i s  n o  g r e a t e r  t h a n  1% f o r  X ,> 100 . 0 
The a n a l y s i s  g i v e n  i n  E q u a t i o n s  (9)  through (23) c a n  b e  u t i l i z e d  t o  
o b t a i n  t h e  f u n c t i o n  f o r  8 5  _< X 5 90°. I n  t e r m s  of what i s  now t h e  v i r t u a l  
height   h ,   Equat ion  (16)   becomes 
1 . _  
nT(h) = n(h) . I-- /IrRH7. (1 - e r f  u’). (25) 
\ 2  
T rans fe r r ing  f rom the  po in t  of minimum r a y  h e i g h t  h t o  t h e  r o c k e t  a l t i t u d e  
z us ing  
n (z )  = n(h) . expi-  
Equat iors  (21)  and (23)   a re   rep laced  by 
1 1 d I  n (z )  = - . - -OF I dz 
and 
The func t ion  
T ( X , H )  = ~ 1 - L - 
i s  p l o t t e d  a g a i n s t  
23 
in Figure 10. For zenith angles  less than 85 , F may be  approximated  by 
sec X to  an  accuracy of about 10%. 
0 
The  simplest  formulae  for  the determination of concentrations by  absorp- 
tion  spectroscopy with an error not exceeding  about 10% are  summarized in 
Table 1. The zenith  angle limits corresponding to greater accuracy  are given 
in Table 2. Formulae (21) and (27) show  that it  is not necessary to  measure 
the incident flux or current at  the  top of the atmosphere in order  to  deter- 
mine  the oxygen concentration. Thus absolute calibration of  the ion chamber 
is not required. 
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Figure 10. Variation  in r f o r  X < 90’. 
I 
Table 1: Formulae for Computation of Particle Density 
by Absorption Spectroscopy with  an Error not 
Exceeding about 10%. 
(a) X < 85O - 
1 n(z) = - - - 1 dI asecX I dz 
(b) 85O < X - < 90° 
n(z) = - . - - 1 1 dI 
UF I dz 
where F = - . ~1 - erf, 1'90-x 7) - 1  1 . 
H2 
- H2 J L 
( c )  g o o  - < x < 93O 
n(h) = - . - - 1 1 dI aF I dh 
101.4 where F = 7 . 
HZ 
n(h) = - - - 1 1 dI aF I dh 
where F = 1 202.8 
H2 
- 
Note: (1) Measurements for X > 90 refer to point of minimum ray height. 
(2) Units are: n a cm2, X degrees, I arbitrary, z cm, h cm, 
0 
H km. 
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Table 2a: Largest  Zenith  Angle  for  which  the  Approximation 
F = s.ecX is  Valid f o r  H m 6 . 5  km 
"
Error X 
10% 
5% 
2% 
1% 
84.7' 
82.3' 
77.6' 
72.7' 
Table 2 b :  Lowest  Zenith Angle for which  the  Approximation 
F = 202.8/4H is  Valid 
H (kd %O% *5% *2% x. 1% 
7.5 93.17'  93.80'  94.50' 94.99O 
7 . 0  93.06' 93.67' 94.35O 94.82O 
6.5 92.95' 93.53' 94.19' 94.64' 
6 .0  92.85' 9 3 .  40' 94.03' 94.46O 
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COMPUTATION OF ZENITH ANGLE AND RAY HEIGHT 
The s o l a r  z e n i t h  a n g l e  c a n  b e  computed f o r  a n y  g i v e n  p o i n t  i n  t h e  r o c k e t  
t r a j e c t o r y  f r o m  t h e  r a d a r  d a t a .  The informat ion   which   de te rmines   th i s   angle  
i s  t h e  l a t i t u d e  and l o n g i t u d e  of t h e  s u b - r o c k e t  p o i n t  ( i .e. ,  t h e  p o i n t  
w h e r e  t h e  l i n e  f r o m  t h e  r o c k e t  t o  t h e  e a r t h ' s  c e n t e r  c r o s s e s  t h e  e a r t h ' s  
s u r f a c e )  and t h e  U n i v e r s a l  Time. Data  obtained  from "The American  Ephemeris 
and N a u t i c a l  Almanac" (or  i t s  e q u i v a l e n t )  o f  t h e  a p p r o p r i a t e  y e a r ,  i s  a l s o  
r e q u i r e d .  
The formulae used i n  t h e  z e n i t h  a n g l e  c o m p u t a t i o n  a r e :  
h = l o c a l   s i d e r e a l  t i m e  - CL, and 
cos X = s i n  cp s i n  6 + c o s  cp cos 6 cos  h , 
where h i s  the   hour   ang le ,  a i s  t h e  r i g h t  a s c e n t i o n ,  cp i s  t h e  l a t i t u d e  of 
sub - rocke t  po in t ,  and 6 i s  t h e  d e c l i n a t i o n .  
The  minimum ray  he igh t ,  u sed  when the  zen i th  ang le  i s  g r e a t e r  t h a n  90 , 0 
can  be  obta ined  d i rec t ly  f rom the  zeni th  angle  ( see  F igure  11). 
h = z COS(X-90) - R[l-Cos(X-90)] (31) 
and the  d i s t ance  f rom the  rocke t  t o  the  po in t  of minimum ray  he ight  f rom 
s = (Rf-z) sin(X-90). 
Detai ls  of  the computer  program used to  determine zeni th  angle  and minimum 
ray  he igh t  a r e  g iven  in  Append ix  B. 
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ROCKET 
Figure  11. Minimum r a y  position a n d   r o c k e t   t r a j e c t o r y   f o r  
x > goo .  
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SUN 
.... . 
METHOD  OF DATA ANALYSIS 
Small   Zeni th   Angles  (X - < 90°) 
(1) From te l eme t ry   r eco rd ,   u s ing  electrometer c a l i b r a t i o n  and r o c k e t  
t r a j e c t o r y  d a t a ,  o b t a i n  i o n  chamber c u r r e n t  (I) a s  a func t ion  o f  rocke t  
a l t i t u d e  ( 2 ) .  
(2) U s i n g   s o l a r   a s p e c t   s e n s o r   d a t a ,   n o r m a l i z e   c u r r e n t   t o  a p a r t i c u l a r  
a s p e c t   a n g l e   ( z e r o ,   i f   p o s s i b l e ) .   T h i s  may b e  e f f e c t e d  e i t h e r  from  formula 
(3)  (or  Figure 7) ,  which approximates  seca f o r  a < 15 , or  f rom an  equiva len t  
empi r i ca l  co r rec t ion ,  ob ta ined  f rom the  va r i a t ionobse rved  du r ing  cons t an t  
f l u x  c o n d i t i o n s .  
0 
( 3 )  P l o t   c o r r e c t e d   i o n  chamber c u r r e n t   v e r s u s  z on a l i n e a r   s c a l e .  From 
t h i s  p l o t  o b t a i n  ( 1 / I )  d I / d h  a t  g i v e n  h e i g h t  i n t e r v a l s  (1 o r  2 km). 
( 4 )  P l o t  ( 1 / I )  d I / d z  v e r s u s  z and e x t r a c t  s c a l e  h e i g h t  H v e r s u s  z .  
(5)   Determine   op t ica l   depth   fac tor  F(H,X) a l o n g   t h e   r o c k e t   t r a j e c t o r y ,  
and  compute n[O ] from  formula  (27):  2 
1 1 d I  n = - - -  crF I dz . 
F i s  determined  from secX or   formula  (28) ,   depending on t h e  z e n i t h  a n g l e  and 
requi red   accuracy .  
Large Zenith Angles (X 1 90°) 
(1) Same a s  f o r   s m a l l   z e n i t h   a n g l e s .  
( 2 )  Same a s   f o r   s m a l l   z e n i t h   a n g l e s .  
( 3 )  U s i n g   d a t a   d e r i v e d   f r o m   r o c k e t   t r a j e c t o r y ,   c o n v e r t   f r o m   r o c k e t   a l t i -  
t ude  z t o  minimum r a y  h e i g h t  h .  P l o t  a s p e c t  c o r r e c t e d  i o n  chamber c u r r e n t  
v e r s u s  h on a l i n e a r  s c a l e .  From t h i s  p l o t  o b t a i n  (1/I) d I / d h  a t  g i v e n  h e i g h t  
i n t e r v a l s .  
( 4 )  P l o t  (1/I) d I / d h  v e r s u s  h and e x t r a c t  s c a l e  h e i g h t  H versus   h .  
(5)   Determine   op t ica l   depth   fac tor  F(H,X) v e r s u s  h and  compute n[02]  from 
formula (21) : 
1 1 d I  n =-I- uF I dh 
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F is determined  from  formula (22) or ( 2 4 ) ,  depending  on  the  zenith  angle  and 
required  accuracy. 
32 
ERROR DISCUSSION 
Cross  Sec t ion  Er ro r s  
Repor t ed  va lues  o f  t he  abso rp t ion  coe f f i c i en t  o f  mo lecu la r  oxygen  
a t  Lyman-a have  ranged  from  .22  cm-l t o  .28 cm- 1 [10-14].  Thus  systematic 
e r r o r s  a s  l a r g e  a s  25% i n  the molecular oxygen number d e n s i t y  may r e s u l t  
f r o m  u n c e r t a i n t y  i n  a b s o r p t i o n  c o e f f i c i e n t .  I n  t h i s  s t u d y  W a t a n a b e ' s  v a l u e  
of .27 cm-' ( c r o s s  s e c t i o n  of 1.00 x 10-20 cm2) i s  used. When t h e  d e n s i t y  
r e s u l t s  o f  d i f f e r e n t  i n v e s t i g a t o r s  a r e  c o m p a r e d ,  i t  i s  n e c e s s a r y  t o  t a k e  
i n t o   a c c o u n t   c r o s s   s e c t i o n   v a l u e s   t h a t   a r e   u s e d .   S i n c e   t h e   c r o s s   s e c t i o n  
u n c e r t a i n t y  i s  sys t ema t i c ,  i t  has  no  bea r ing  on  the  de t e rmina t ion  o f  s ca l e  
he igh t .  
Non-Ideal Behavior of Ion Chamber 
The e f f e c t  o f  r a d i a t i o n  o t h e r  t h a n  Lyman-a i n  t h e  band pass  of  
the  ion  chamber i s  t o  i n c r e a s e  t h e  v a l u e  of n a t  h i g h  a l t i t u d e s ,  i . e . ,  i n  
t h e  r e g i o n  w h e r e  t h e  t o t a l  i n c i d e n t  r a d i a t i o n  i s  reduced 10% o r  l e s s .  I n  
t h e  v i c i n i t y  o f  u n i t  o p t i c a l  d e p t h ,  i n  a range of  roughly 3 t o  4 s c a l e  
he ights ,   depending  on t h e  z e n i t h  a n g l e ,  i t  i s  e s t i m a t e d  t h a t  t h e  e r r o r  f r o m  
o t h e r  r a d i a t i o n  i s  no g r e a t e r  t h a n  a  few p e r c e n t  a t  m o s t .  
A t  l o w e r  a l t i t u d e s  t h e r e  may b e  e r r o r s  r e s u l t i n g  from other 
r a d i a t i o n  t h a t  i s  a b s o r b e d   l e s s   s t r o n g l y   t h a n  Lyman-a. A t  1108.3  and 1187.1g, 
the  abso rp t ion  coe f f i c i en t  fo r  molecu la r  oxygen  a re  on ly  .ll and .18 cm-1, 
r e s p e c t i v e l y .   S i n c e   t h e   s o l a r   r a d i a t i o n   a t   t h e s e  two  windows i s  probably  
much l e s s  t h a n  1 0  9 photons/cm2/sec,  the Lyman-a f l u x  would have t o  be reduced 
more t h a n  two orders  of  magni tude before  there  would be  any e r r o r  i n t r o d u c e d  
from t h i s  r a d i a t i o n .  The e f f e c t  would  be t o  d e c r e a s e  t h e  v a l u e  o f  n from 
i t s  t r u e  v a l u e .  
Zeni th  Angle  Errors  
When t h e  z e n i t h  a n g l e  i s  l e s s  t h a n  8 5  , t h e  u n c e r t a i n t y  i n  number 0 
d e n s i t y  d u e  t o  a n  u n c e r t a i n t y  i n  z e n i t h  a n g l e  i s  found  from  Equation (8) 
and i s  g iven  by: 
6n = n t a n  X €X . (33) 
From Equat ion  (28) ,  a more  compl ica ted  re la t ion  i s  found for  the case of  
85O 5 X < 90°. The r e s u l t s  a r e  p l o t t e d  i n  F i g u r e  1 2  f o r  two t y p i c a l  v a l u e s  
of &X. 
- 
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Figure 12. Uncertainty  in  density  due to uncertainties  in  zenith  angle. 
When the zenith angle is greater than 90 , an uncertainty in X 0 
causes an uncertainty in h  as well  as in F. Formula (31) is used to deter- 
mine this height uncertainty according to 
5h = R sin(X-90) 6X . ( 3 4 )  
The uncertainty in number density due  to this uncertainty in h is 
then given by: 
Since the uncertainties in h and 
F are dependent, they  are  added to determine the  total uncertainty in n due 
to an uncertainty in X. These results are also plotted in Figure 12 for 
typical values  of 6X and H = 6.5 km. 
It  is seen that much better accuracy is required in the zenith 
angle to make accurate density measurements at  large zenith angles. As 
with cross section uncertainties zenith angle uncertainties wili n o t  affect 
the measurement of scale  height. 
Approximations in Mathematical Treatment 
In the analysis for  the case of X > 90 it has bem assumed  that 0 
the radius of the Earth is a constant equal to 6370 km. Since actual  devia- 
tions from this value are no greater than .2%, 6370 Icm suffices for  all  cal- 
culations and introduces no significant error. 
In formulae (22) and (25), the  quantity (R+h) has  been approximated 
by R. The numerical value of R that is used in the practical formulae (23), 
( 2 4 ) ,  and (28)  is 6370 + 90 km and represents the best approximation of (R+h) 
over the range of h  for which the  technique  may be used (60 to 120 lm). 
Over this range of h  the maximum error in & is then  about p7. 
In the determination of the  optical  depth  factor F, it is  assumed 
that  the value of the scale height H is a  constant. Further calculations 
have shown that  the value of F is weakly dependent on the value of this 
gradient [ 8 ] .  Thus, an iteration process can be used  to determine the value 
of F if sufficiently large gradients, about 1 lm/km, are encountered. 
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Other Absorbers 
O t h e r  a b s o r b e r s  i n  t h e  h e i g h t  r a n g e  70  t o  112 km t h a t  may absorb  
Lyman-a r a d i a t i o n  s i g n i f i c a n t l y  i n c l u d e  w a t e r  v a p o r  and ozone, as they have 
h i g h   a b s o r p t i o n   c o e f f i c i e n t s   o f  387 and  614  cm-l  [15,.161, r e s p e c t i v e l y .   I f  
p r e s e n t  i n  s i g n i f i c a n t  c o n c e n t r a t i o n s ,  t h e s e  c o n s t i t u e n t s  would  cause  an 
a p p a r e n t   i n c r e a s e   i n   t h e   m o l e c u l a r   o x y g e n   c o n c e n t r a t i o n .   U n f o r t u n a t e l y ,   i n  
t h i s  a l t i t u d e  r a n g e  t h e r e  i s  l i t t l e  e x p e r i m e n t a l  d a t a  a v a i l a b l e  on the  con- 
c e n t r a t i o n s  o f  t h e s e  c o n s t i t u e n t s ,  e s p e c i a l l y  o f  w a t e r  v a p o r .  
To produce comparable  absorpt ion,  the concentrat ion of  water  vapor  
would  have t o  b e  a t  l e a s t  1/1400 the   concent ra t ion   o f   molecular   oxygen .  The 
o n l y  a v a i l a b l e  q u a n t i t a t i v e  i n f o r m a t i o n  on water  vapor  i s  obtained from a 
t h e o r e t i c a l   a n a l y s i s   o f   B a t e s  and N i c o l e t  1 1 7 1 .  Mean concen t r a t ions   o f  
molecular  oxygen  obtained  from  the U.S. Standard  Atmosphere,   1962  indicates 
t h a t  t h e  e r r o r  i n t r o d u c e d  f r o m  N i c o l e t ' s  w a t e r  v a p o r  p r o f i l e  would be approxi- 
mately 3.8% a t  70 km, .59% a t  80 km, and l e s s  a t  h i g h e r  a l t i t u d e s .  
For  ozone t o  produce  comparable   absorpt ion,  t h e  r equ i r ed  concen t r a -  
t i o n  would  have t o  b e  a t  l e a s t  112270 the concentrat ion of  molecular  oxygen.  
F o r  t h e  e r r o r  c a l c u l a t i o n s ,  t h e o r e t i c a l  p r o f i l e s  by Bar th  a re  used  C181. 
I f  h i s  " s u n s e t "  o z o n e  p r o f i l e  i s  compared wi th  s t anda rd  a tmosphe re  va lues  fo r  
molecular   oxygen ,   the   e r ror  i s  .60% a t  70 km, .35% a t  80 km, and l e s s  a t  
h i g h e r  a l t i t u d e s .  
These  ca l cu la t ions  show t h a t  e r r o r s  due t o  Lyman-a a b s o r p t i o n  by 
water   vapor  and  ozone a re   p robably   smal l .   Exper imenta l   da ta -on   the   water  
vapor  concen t r a t ion  w i l l  a l low more a c c u r a t e  e s t i m a t e s  t o  b e  made of i t s  
i n f l u e n c e .  
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OBSERVATIONS AND DISCUSSION 
The bandpass  of  the  Lyman-a: ion chambers  a l lows accurate  Lyman-Q: f l u x  
measurements over a range  of  a t  l e a s t  a hundred fo ld ,  beg inn ing  a t  a h e i g h t  
where   there  i s  about a t en -pe rcen t   r educ t ion   o f   t he   i nc iden t   f l ux .   These  a l t i -  
t udes ,  wh ich  r ep resen t  t he  r ange  fo r  ob ta in ing  the  molecu la r  oxygen  da ta ,  de -  
pend  on  the  so l a r  zen i th  ang le  because  o f  t he  change  in  the  r ad ia t ion  pa th .  
For  example, a t  X = 0 , t h i s  r a n g e  i s  about  68  t o  89 km; at  X = 85O, t h e  a l t i -  
t ude  i s  i n c r e a s e d   t o  7 9  t o  108 km; and a t  X = 95O, t o  89 t o  1 1 2  km. The c i r -  
cums tances  fo r  t he  two series o f  r o c k e t  f l i g h t s ,  w h i c h  h a v e  p r o v i d e d  d a t a  on t h e  
molecular  oxygen  dens i ty ,  a re  summar ized  in  Table  3 .  
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Ion  chamber  da t a  a t  l a rge  zen i th  ang le s  ob ta ined  f rom Nike  Apache f l i g h t s  
14.145 and 14.146 a r e  shown i n   F i g u r e  13. I n  f l i g h t  14.145 t h e   e f f e c t   o f   t h e  
small d i f f e r e n c e  i n  t h e  z e n i t h  a n g l e s  o f  a b o u t  1 .2  degrees  between the ascent  
a n d  d e s c e n t  p o r t i o n  o f  t h e  t r a j e c t o r y  i s  seen  to  have  a pronounced effect  o n  
t h e  p r o f i l e s .  I n  f l i g h t  14.1Lc6 the   smal l   zen i th   angle   change   be tween  ascent  
a n d   d e s c e n t   r e s u l t s   m o r e   i n  a p ro f i l e   shape   change .  The i n t e r s e c t i o n   o f   t h e  
ascent   and  descent   curves  i s  p a r t l y  due t o  t h i s  and p a r t l y  d u e  t o  a s e n s i t i v i t y  
change   of   about   e igh t   percent   t ak ing   p lace   near   the   top   o f   the   rocke t   t ra jec-  
t o r y .   S i n c e   t h i s   s e n s i t i v i t y   c h a n g e   t a k e s   p l a c e   n e a r   z e r o   o p t i c a l   d e p t h   f o r  
Lyman-a, i t  d o e s  n o t  a l t e r  t h e  f i n a l  number d e n s i t y  r e s u l t s .  
The p a y l o a d s  u s e d  i n  t h e  e c l i p s e  p r o j e c t  a t  F o r t  C h u r c h i l l ,  M a n i t o b a ,  
Nilte Apache 1 4 . 9 1 ,   1 4 . 9 2  and 1 4 . 9 4 ,  each  contained two ion  chambers,   which 
p r o v i d e d  d a t a  d u r i n g  t h e  r e c o v e r y  p h a s e  a t  9 2  percent  and 85 percen t  so l a r  ob -  
s cu ra t ion   and   l a s t   con tac t .   S ince   one   o f   t he   i on   chambers   i n   f l i gh t  14.94  
showed a s i g n i f i c a n t l y  d i f f e r e n t  p r o f i l e  and  exhib i ted  a pronounced degradation 
compared t o  t h e  o t h e r s ,  t h e  d a t a  f r o m  i t  were discarded as b e i n g  u n r e l i a b l e  [ 4 ] .  
Although  the  other   f ive  ion  chambers  showed some degradat ion  above 95 km, t h e  
r e s u l t s  below 90 km a r e   c o n s i d e r e d   r e l i a b l e .  The molecular   oxygen   prof i les  
were in  c lose  agreement  wi th  each  o ther  and  showed no s y s t e m a t i c  v a r i a t i o n  
wi th   r e spec t   t o   t he   phase   o f   t he   so l a r   ec l ip se .   S ince   t hese   f i ve   measu remen t s  
were a l s o  made wi th in  one  hour  and seven minutes  of  each other ,  i t  was con- 
s i d e r e d   v a l i d   t o   a v e r a g e   a l l   t h e   d a t a   t o g e t h e r .  These r e s u l t s  and  the  s tand-  
a r d  d e v i a t i o n  i n  t h e  mean a r e  p l o t t e d  i n  F i g u r e  1 4 .  
Figure  14 a l s o  shows t h e   d a t a  from  Nike  Apache f l i g h t s  1 4 . 8 6 ,   1 4 . 1 4 5 ,  
14.146 and 14 .148 .  The e s t ima ted  random u n c e r t a i n t i e s   i n   t h e  smoothed  curves 
a r e  t o  w i t h i n  f i v e  p e r c e n t ,  e x c e p t  f o r  t h e  f i r s t  4 km o f  d a t a  f o r  a l l  f o u r  
f l i g h t s  a n d  t h e  l a s t  4 km o f  d a t a  f o r  f l i g h t s  14.1451618,  where  the  uncer ta in-  
t i e s  are t en   pe rcen t   o r   more .  For f l i g h t s  14.14516,  t h e   d a t a   p o i n t s   a r e   r e p -  
r e s e g t e d  by s c a l e   h e i g h t s   o f  6 .6  km. E s t i m a t e d   z e n i t h   a n g l e   u n c e r t a i n t i e s   o f  
0.05 w i l l  i n t r o d u c e   n e g l i g i b l e   s y s t e m a t i c   e r r o r s   i n   a l l   f l i g h t s   e x c e p t  14.145 
and 14 .148 ,  fo r  wh ich  the  ca l cu la t ed  unce r t a in ty  f rom F igure  1 2  i s  7 . 5  percen t .  
I n c l u d i n g  t h i s  i n d e p e n d e n t  s o u r c e  o f  e r r o r  f o r  f l i g h t s  14.145 and 14 .148 ,  i t  i s  
f o u n d  t h a t  t h e  u n c e r t a i n t i e s  are w i t h i n  9 percent ,  f rom 94 t o  108 km and  about 
13 percent   or   more  f rom 90 t o  . 4 8  km and 108 t o  112 km. Uncer ta in t ies   f rom 
q4 
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Figure   13 .   Typica l   ion   chamber   cur ren t   p rof i les .  
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Figure  14. Molecu la r   oxygen   dens i ty   p ro f i l e s .  
Table 3: Summary of Flight  Circumstances 
Solar 
Nilcc Apache Ion Chamber  Zenith 
Designation Date  Location Gas Fill Angle 
14.86  27 Feb. 63 Wallops  Island 
14.91 20 July 63 Fort  Churchi 11 
14.92  20 July 63 Fort  Churchill 
14.94 20 July  63 Fort  Churchill CS2 56' 
cs2 56O 
cs2 49O 
cs2 48 
14.145 15 July 64 Wallops  Island NO 95O 
14.146 15 July 6 4  Wallops  Island NO 84O 
14.148 19  Nov. 64 Wallops  Island NO 95O 
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t h e  a b s o r p t i o n  c r o s s  s e c t i o n  o r  o t h e r  a b s o r b e r s  h a v e  n o t  b e e n  i n c l u d e d  i n  
t h e s e  estimates. 
For  comparison purposes ,  the molecular  oxygen concentrat ion as determined 
f rom  the  U. S. Standard  Atmosphere, 1962 i s  a l s o  shown. This p r o f i l e  was  ob- 
t a ined  by  t ak ing  20.95 p e r c e n t  o f  t h e  t o t a l  number d e n s i t y  and therefore  does 
n o t  i n c l u d e  a r e d u c t i o n  a t  h i g h e r  a l t i t u d e s  r e s u l t i n g  f r o m  a d i s s o c i a t i o n  o f  
molecular  oxygen.  This  model i s  found t o  r e p r e s e n t  a l l  t h e   e x p e r i m e n t a l   d a t a  
t o  w i t h i n  a f a c t o r  o f  2 . 3 .  
A s i g n i f i c a n t  i n c r e a s e  i n  d e n s i t y  i s  o b s e r v e d  i n  t h e  summer a t  For t  
Churchill  (Nike  Apache 1 4 . 9 1 / 2 / 4 )  compared  wi th  Wal lops  I s land  da ta  for  summer 
(Nike  Apache 1 4 . 1 4 5 / 6 )  and f a l l  and  winter  (Nike  Apache 1 4 . 8 6 ,   1 4 . 1 4 8 ) .  This 
i s  ev idence  of a h i g h  l a t i t u d e  i n c r e a s e  i n  m o l e c u l a r  o x y g e n  c o n c e n t r a t i o n ,  a t  
l e a s t  d u r i n g  summer, f o r  t h e  a l t i t u d e  r a n g e  8 2  to 90 km. 
The genera l  agreement  be tween f l igh ts  14.145 and 14.148 up to  abou t  104 Iun 
both  measured a t  aozen i th  ang le  o f  95 , i n  c o n t r a s t  t o  14.146 measured a t  a 
z e n i t h  a n g l e  o f  8 4  , s u g g e s t  t h a t  e i t h e r  t h e r e  may b e  s i g n i f i c a n t  z e n i t h  a n g l e  
e f f e c t s  o r  p o s s i b l y  a s y s t e m a t i c  e r r o r  i n  t h e  method of  analysis  when t h e  z e -  
n i t h   a n g l e  i s  l a r g e r   t h a n  90 . Additional  measurements a t  Wal lops   I s l and   fo r  
X = 88 t o  90' s h o u l d   i n d i c a t e   w h e t h e r   t h i s  i s  a z e n i t h   a n g l e   e f f e c t .  From 
about 104 km t o  112  km, t h e  summer v a l u e s  ( f l i g h t  1 4 . 1 4 5 )  a r e  g r e a t e r  up t o  a 
f a c t o r   o f  1.8 .  F u r t h e r   m e a s u r e m e n t s   a t   s l i g h t l y   h i g h e r   a l t i t u d e s  w i l l  show i f  
t h i s  i s  a s e a s o n a l  e f f e c t .  
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For  pu rposes  o f  compar i son ,  t he  r e su l t s  o f  o the r  i nves t iga to r s  u s ing  the  
method of Lyman-g absorption are shown i n  F i g u r e  14.  Carver  , ' e t  a l .  [ 1 9 ]  , 
a l s o  u s e d  a Lyman-a c r o s s  s e c t i o n  of 1 x 10-20 c m 2 ,  bu t  i t  was n e c e s s a r y  t o  
modify  the  data   of   Kupperian,  e t  a l .  [ 2 0 ] ,  by 28.5 p e r c e n t  i n  o r d e r  t o  n o r m a l -  
i z e  i t  t o  t h i s  c r o s s  s e c t i o n .  Also because  Kupperian's  measurements were ex- 
t e n d e d  t o  h i g h e r  a l t i t u d e s  b y  o b s e r v a t i o n s  o f  o t h e r  s p e c t r a l  l i n e s ,  t h e  
m o d i f i e d  d a t a  a r e  o n l y  p l o t t e d  up t o  92 km. ?he general   agreement  between 
Kupper ian ' s  summer measurements  of 1957 with our measurements of 1964 sugges t s  
t h a t  t h e r e  are no l a r g e  s o l a r  c y c l e  v a r i a t i o n s  i n  m o l e c u l a r  o x y g e n  d e n s i t y  a t  
t h e s e   a l t i t u d e s .   K u p p e r i a n ' s   d a t a   p r a c t i c a l l y  l i e s  w i t h i n   o u r   e r r o r   b a r s   f r o m  
8 2  t o  90 km. The d e v i a t i o n s   f r o m   o u r   d a t a  are no g r e a t e r  t h a n  26 percen t   ove r  
t h e  e n t i r e  r a n g e  7 4  t o  90 km, and a r e  less than  13 percent   f rom 82 t o  88 km. 
The approximate agreement  of  Carver 's  data  f rom Austral ia  in  winter  with our  
Wal lops  I s l and  da ta  o f  summer and winter ,  Nike Apache 14.86 and 14.146 suppor t s  
o u r  m i d - l a t i t u d e  o b s e r v a t i o n s .  
Data  obtained  by J u r s a ,  e t  a l .  [ 2 1 ] ,  from  measurements a t  White  Sands  of 
t h e  Schumann-Runge r e g i o n  b y  s p e c t r o g r a p h s  d u r i n g  s u n r i s e  a n d  s u n s e t  i n  March 
and  October  agree  approximate ly  wi th  our  mid- la t i tude  da ta  f rom 6 2  t o  87 km. 
Above 110 km a d d i t i o n a l  a b s o r p t i o n  s p e c t r o s c o p y  d a t a  were ob ta ined  by  Byram, 
" e t  a l .  [ 2 2 , 2 3 ] ,  u s i n g   G e i g e r   c o u n t e r s ,   s e n s i t i v e   t o  a band  about 1 4 5 0 x  and 
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Hinteregger [ 2 4 ]  using  a  spectrograph to measure 1206.52 radiation.  However, 
the  investigations  of  Byram, et al., Kupperian, et  al., and  Hinteregger  show 
substantial  differences  and  suggest  the  need  for  further  measurements at these 
altitudes. 
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CONCLUSIONS 
The measurement of molecular oxygen concentration in the D and lower E 
regions using the absorption profile of Lyman4 determined by a rocket borne 
ion chamber is probably the simplest method for obtaining the profile of any 
constituent of  the upper atmosphere and is as accurate as  any other technique. 
The relatively large flux of Lyman-a in the  solar spectrum and  the coincidence 
of a small absorption cross section of molecular oxygen at this wavelength 
combine to produce a virtually monochromatic situation which  is ideal for 
absorption spectroscopy. 
The useful altitude range of the measurements depends on zenith angle: a,c 
0 X = 0 the range is about 68 to 89 km while for X = 95 the range is about 
89 to  112 km. The greatest accuracy of measurement occurs at unit optical 
depth, where the rate of change of flux with height is a  maxigum. This al- 
titude increases from 75 km, a t X  = 0 , to 100  km, for X > 93 . 
0 
0 - 
A given error in the zenith angle causes the uncertainty in the  density 
to increase significantly as the zenith angle increases. If zenith angle 
data of  the  required  accuracy are not available, the measurements should  be 
restricted to sufficiently small zenith angles. It is also desirable that 
the detector be oriented within the  payload so as to keep the aspect cor- 
rection small and hence minimize errors from this  source. 
Measurements at small zenith angles have the disadvantage that, below 
100 km, as the rocket turns over on descent, large aspect corrections must 
be applied to  the  data. If it is desired that accurate descent data be  ob- 
tained, zenith angles greater than  about 9 4  , measured to high accuracy, are 
required. When other types of detectors are  used  with this technique  to 
measure constituents at higher altitudes, this consideration does not arise 
as the important part of  the profile is already obtained before the rocket 
begins to  tip over. 
0 
One of the largest uncertainties in the measurements arises from the 
uncertainty in the absolute value of  the cross section for absorption of 
Lyman-a radiation by molecular oxygen. Since this uncertainty is systematic, 
it has no bearing on conclusions that may be drawn concerning density varia- 
tions at different times and places provided these are  normalized  to  the same 
cross section, A value of 1 x cm2  has  been used in the present study. 
Neglecting this source of error, under ideal conditions of measurement, i.e., 
small aspect angle corrections and moderate zenith angles, at altitudes near 
unit optical depth, the accuracy is limited essentially only  by  the reading 
errors and trajectory errors, whose net effect might  be  kept to 1 or 2%. In 
practice the error is about 5% within one scale height of unit optical depth, 
increasing to about 10xnear the limits of the useful altitude range. 
For large zenith and aspect angles the errors will be somewhat larger. 
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I n  t h e  f i r s t  s e r i e s  o f  r o c k e t  f l i g h t s  c a r b o n  d i s u l p h i d e  was  found t o  
p r o d u c e  a n  a p p a r e n t  c h a n g e  i n  s e n s i t i v i t y  when t h e  i o n  chamber  was f i r s t  
exposed t o   t h e   l a r g e l y   u n a t t e n u a t e d   s o l a r   f l u x .   I n   t h e   s u b s e q u e n t   s e r i e s  
o f  f l i g h t s ,  NO was  used  wi th  sa t i s f ac to ry  pe r fo rmance  o f  t he  de t ec to r s  and 
i s  t h e r e f o r e  c o n s i d e r e d  t h e  p r e f e r r e d  g a s .  
A b s o l u t e  c a l i b r a t i o n  o f  t h e  i o n  c h a m b e r  r e q u i r e s  e l a b o r a t e  e x p e r i m e n t a l  
t echniques ,but  once  one  ion  chamber  has  been  ca l ibra ted ,  o thers  can  be  ca l i -  
b r a t e d   r e l a t i v e   t o   t h e   s t a n d a r d   w i t h   r a t h e r   s i m p l e   e q u i p m e n t .   E x p o s u r e   t o  
a s u i t a b l e  W s o u r c e  i n  a vacuum p e r m i t s  t h e i r  r e s p o n s e  t o  b e  d e t e r m i n e d  r e -  
l a t i v e  t o  t h e  s t a n d a r d .  
The Lyman-O: abso rp t ion  p ro f i l e s  ob ta ined  wi th  ion  chambers  f lown  f rom 
Wal lops  I s l and ,  V i rg in i a ,  and For t  Church i l l ,  Man i toba ,  du r ing  va r ious  
seasons  and t imes   o f   day ,   l ead   to   the   fo l lowing   observa t ions   concern ing   the  
molecular  oxygen densi ty:  
(1) D a t a  o b t a i n e d  i n  t h e  a l t i t u d e  r a n g e  76 t o  90 km a t  F o r t  C h u r c h i l l  
showed no s y s t e m a t i c  c h a n g e  i n  d e n s i t y  d u r i n g  t h e  r e c o v e r y  p h a s e  o f  t h e  p a r -  
t i a l  s o l a r  e c l i p s e  o f  20 Ju ly  1963 (92% maximum o b s c u r a t i o n ) .  
(2)  Comparison  of t h i s  e c l i p s e  d a t a  [(l)] wi th   Wal lops   I s l and   da t a  
i n d i c a t e s  t h a t  i n  t h e  a l t i t u d e  r a n g e  8 2  t o  90 km t h e  d e n s i t y  i n  summer i s  
40 t o  100% g r e a t e r  a t  h i g h  l a t i t u d e s  t h a n  a t  m i d - l a t i t u d e s .  
(3)   Data   f rom  two  f l igh ts   a t  X = 95 a t  W a l l o p s   I s l a n d ,   i n  summer and 0 
l a t e  f a l l ,  show agreement  from  90 t o  104 km. There i s  t h e r e f o r e  no ev idence  
f o r  a m i d - l a t i t u d e  s e a s o n a l  v a r i a t i o n  i n  t h i s  a l t i t u d e  r a n g e .  A t  h ighe r  
a l t i t u d e s  t h e  d e n s i t y  i n  summer i s  l a r g e r  t h a n  i n  t h e  l a t e  f a l l  w i t h  a maxi- 
mum f a c t o r  o f  1.8 a t  112 km. 
(4)  There i s  an   appa ren t   dec rease   i n   t he   dens i ty   o f   46%  fo r   obse rva t ions  
a t  W a l l o p s  I s l a n d  a t  X = 95  compared w i t h  t h o s e  a t  X = 8 5  i n  t h e  a l t i t u d e  
range 90 to  102 km. 
0 0 
(5) The d a t a   a t   F o r t   C h u r c h i l l   o b t a i n e d  by K u p p e r i a n , a  a. [ 2 0 ] ,  i n  
t h e  summer of  1957 agrees  wi th  our  da ta  obta ined  dur ing  Ju ly  1963 [(l)] when 
a d j u s t e d   t o   t h e  same cross   sec t ion .   Compar ison   shows  tha t   any   decrease   in  
d e n s i t y  a t  h i g h  l a t i t u d e s  a t  s o l a r  maximum r e l a t i v e  t o  s o l a r  minimum i s  l e s s  
than 13% from 82 to  88 km and i s  n o  g r e a t e r  t h a n  26%  from  74 t o  90 km. 
V e r i f i c a t i o n  o f  t h e s e  r e s u l t s  and f u r t h e r  c l a r i f i c a t i o n  w i l l  r e s u l t  from 
a d d i t i o n a l  m e a s u r e m e n t s  a t  m i d - l a t i t u d e s  i n  summer and h i g h  l a t i t u d e s  i n  
win ter .   Evidence   o f   dens i ty   changes   dur ing   sunr i se  and sunset  should  be  ex- 
amined i n  f u t u r e  r o c k e t  f l i g h t s .  No low l a t i t ude   obse rva t ions   have   been  
r epor t ed ,  bu t  such  obse rva t ions  would  be v a l u a b l e  i n  t h e  l i g h t  of  evidence 
of   the   l a t i tude   dependence .  
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APPENDIX A 
ABSOLUTE CALIBRATION O F  LYMAN-CX LON CHAMBERS 
The  method  used t o  c a l i b r a t e  t h e  i o n  c h a m b e r s  i s  t o  m e a s u r e  t h e  t o t a l  
photon  f lux  emerging  f rom the  ex i t  s l i t  of the monochromator by means of a 
s t a n d a r d  i o n i z a t i o n  c h a m b e r  f i l l e d  w i t h  n i t r i c  o x i d e  g a s  and u s i n g  t h e  
known p h o t o i o n i z a t i o n  y i e l d s  of NO a t  Lyman-CX ( .81  ion -pa i r /pho ton)  to  de t e r -  
m i n e   t h e   r a d i a n t   f l u x .   T h i s   f l u x  i s  then  compared to   t he   ou tpu t   c .u r r en t   o f  
t h e  i o n  chamber  and a p h o t o i o n i z a t i o n  y i e l d  i s  ob ta ined .  
The s t a n d a r d  i o n i z a t i o n  chamber  and i o n  chamber t o  b e  c a l i b r a t e d  a r e  
shown s c h e m a t i c a l l y  i n  F i g u r e  A l .  The s t a n d a r d  i o n  chamber i s  17.5 inches  
long with a one- inch  spac ing  be tween two- inch-wide  s ta in less  s tee l  co l lec tor  
p l a t e s .  The c o l l e c t o r  p l a t e s  a r e  mounted  on t e f l o n  p l u g s  and connec ted   to  
t h e   v o l t a g e   s u p p l y  and micro-micro  ammeter  through  kovar  seals. The e n t i r e  
housing  of  the  ion  chamber i s  s t a i n l e s s  s t e e l .  The e n t r a n c e  s l i t  o f   t he   i on  
chamber,  with i t s  l i t h i u m  f l u o r i d e  window, i s  mounted  on a k o v a r - g l a s s  s e a l  
wh ich   p ro t rudes   pas t   t he  e n d   o f   t h e   p a r a l l e l   p l a t e   e l e c t r o d e s .  T h i s  ensu res  
t h a t   a l l   t h e   i o n s   c r e a t e d   a r e   c o l l e c t e d .   S i n c e   t h e  s l i t  i s  s u f f i c i e n t l y  
nar row,  the  c ross  sec t ion  of  the  beam a t  t h e  i o n  chamber i s  l e s s  t h a n  i t s  
window a rea .  The i o n  chamber i s  mounted a t  t h e  end of   the   s tandard   ion  cham- 
ber   through  an  O-r ing  seal .  The s tandard  ( ion  chamber)  i s  f i l l e d  w i t h  n i t r i c  
o x i d e  t o  a p r e s s u r e  of from 3 t o  4 mm Hg. The vo l t age  be tween  the  p l a t e s  
i s  around 50V, on the  p l a t eau  r eg ion  o f  t he  ion  cu r ren t  ve r sus  vo l t age  cu rve .  
The c a l i b r a t i o n   p r o c e d u r e  i s  a s   fo l lows :   en t r ance  and e x i t  s l i t  w id ths  
on  the  monochromator  are  adjusted  to  give a 32 wide  band  pass.   This  resolu- 
t i o n  i s  deemed s u i t a b l e  s i n c e  t h e r e  a r e  n o  l a r g e  and  sudden  chan  es i n  t h e  
a b s o r p t i o n  c r o s s  s e c t i o n  o f  NO in the wavelength range 1050-1350 E . The 
s t anda rd  i s  pumped down t o  a p re s su re   o f  LOe5 mm then  the  output   of   the  
i o n  chamber i s  recorded  over   the  range  1050  to   1350g.   Fol lowing t h i s ,  t h e  
s t anda rd  i s  f i l l e d  w i t h  NO g a s  t o  3 mm Hg as  r eco rded  on an o i l  manometer. 
The o u t p u t  c u r r e n t  of  the  standard  ion  chamber i s  r eco rded  a s  a func t ion  of  
wave leng th .   F ina l ly ,   t he  NO i s  pumped out  of t h e   s t a n d a r d   u n t i l  a high 
vacuum e x i s t s  a g a i n ;  t h e n  a second  scan i s  t aken  wi th  the  ion  chamber t o  
e s t a b l i s h  t h e  c o n s t a n c y  of  t h e  l i g h t  s o u r c e  d u r i n g  t h e  c a l i b r a t i o n  p r o c e d u r e .  
From t h e  d e f i n i t i o n  o f  t h e  p h o t o i o n i z a t i o n  y i e l d ,  Y, we g e t  
i o n s  formed - I (amps) 1 
= photons absorbed e ‘ P J  
- 
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Figure A - 1 .  Ion  chamber  calibration  configuration. 
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can determine  the  absolute intensity, P, impinging on the window of the ion 
chamber as follows: 
P =  I (amps)/e Y . 
The ion chamber can thus  be  calibrated in terms of its output current 
per photon incident on its window/sec. If i(amps) is the current of the 
ion chamber and Y /  the photoionization yield of the ion chamber (this includes 
the attenuation of the LiF window), then 
eY/ = i(amps)/P 
and 
The sensitivity is then given by 
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COMPUTER PROGRAM I N  FORTRAN  LANGUAGE 
A computcr  program i n  FORTRAN language i s  p resen ted  fo r  t he  ca l cu la t ion  
of thc  xcni th  and azimuth angles of the  sun  from a rocke t  and the  minimum 
ray  hcight.  This  program i s  u s e f u l  f o r  making t h e s e  c a l c u l a t i o n s  f o r  any ob- 
j c c t  of lcnown cphcmcridcs from any position O R  or  nea r  t he  ea r th .  
I n  orclcr t o  dc t e rmine  the  correspondence between the labels on Figure 11 
and tllc FOR'IRAN symbols', the  fo l lowing  char t  i s  provided. 
Figure 11 FORTRAN Symbol 
x ZEN 
R R 
z H, ALT 
h HGHT 
._ s D I  ST 
Tllc input  i s  cmtcrccl i n  c a r d  form i n  t h e  o r d e r  shown below: 
Number of cards   Parameters  
1 N 1  , N 2 ,  N3 
1 SIDM, PAR 
1 RA, D R A 1 ,  DRAO 
1 DE, DDEl , DDEO 
N 2  output   heading  cards
N 1  GMT, FLAT, FLONG, H 
Scc! Lllc g lossary  a t  thc  cnd 01 Appcndix B Lor thc  meanings of the parameters  
and thc  program  l is t ing Tor Llle Cormat of the  cards .  The u n i t s  of  the  para- 
mc>tcrs arc:  llours - SIDM, RA, GMT, FLONG; dcgrccs  - DE, FLAT; seconds - PAR, 
U R A L ,  DRAO, DDE1,  DDEO; k i lometers  - H. 
Most oll thc timc i t  w i l l  bc clcsirable t o  havc the computer calculate 
t l ~ c  cxact  va lucs  of r i g l l t  a sccn t ion  and dec l ina t ion .  This  i s  done i n  s t a t e -  
I n c n L s  15+1 and 15+2. Thcsc   cqua t ions   r ep rescn t   S t i r l i ng ' s   i n t e rpo la t ion   fo r -  
nlula t o  sccond ortlcr [whcrc TT = u,  D R A l  = Ay- 1, DRAO = Ay,, RA = yo  , e t c .  ] 
w i L l 1  appropr ia tc  conversion factors. 'k The terms DRA1,  D U O ,  DDE1, and DDEO 
a r c  LO bc  olnittctl i L  thc cxac t  va lucs  of thc r igh t  a scen .  io:n and d e c l i n a t i o n  
cn-c t o  bc  cnhcrcd. 
-1- 
NotraLion takcn Trom Numcrical Mathcmatical Analysis , by J .B.  Scarborough , 
Fourth Ikl i t ion,  T l ~ c  John Hoplcins Press,  Baltimore,  Maryland, p .  74, 1958. 
49 
W i t h  t h e  i n p u t  t o  t h e  z e n i t h  and  az imuth  equat ions  ava i lab le ,  the  hour  
ang le  i s  c a l c u l a t e d .  The a n g l e s   a r e   c o n v e r t e d   t o   r a d i a n s   f o r   c o m p u t e r  use. 
An a d j u s t m e n t  f o r  p a r a l l a x  i s  a v a i l a b l e  i f  d e s i r e d .  
The z e n i t h  and azimuth angles  are  now computed us ing  s tandard  formulas .  
These  formulas  involve  no  approximat ions  and  therefore  a re  good t o  s e v e n  d i -  
g i t s ,  c o r r e s p o n d i n g  t o  a t  l e a s t  0.036 seconds  of   arc .   Therefore   the  accuracy 
o f  t he  zen i th  and azimuth angles  i s  e s s e n t i a l l y  l i m i t e d  only by the accuracy 
o f  t he  inpu t  da t a .  
I f  t h e  z e n i t h  a n g l e  i s  g r e a t e r  t h a n  90 , t h e  shadow h e i g h t  i s  c a l c u l a t e d .  0 
The r a d i u s  o f  t h e  e a r t h  n e e d e d  f o r  t h i s  c a l c u l a t i o n  i s  obta ined  by us ing  
Hayford ' s   sphero id   as  a model   of   the   ear th .  The q u a n t i t i e s  HGHT and DIST 
a r e  n o t  m e a n i n g f u l  u n l e s s  t h e  o b s e r v e r  i s  above  the  sur face  of  the  ear th ,  so  
i f   t h e   z e n i t h   a n g l e  i s  g r e a t e r   t h a n  90 and H 0,  t h e s e   q u a n t i t i e s   a r e  
c a l c u l a t e d .  The term H-HO i s  c a l c u l a t e d  o n l y  when HGHT i s  a l s o  c a l c u l a t e d  
and N 3  # 0. 
0 
The o u t p u t  i s  i n  t h e  form of punched cards i n  t h e  o r d e r  shown  below: 
(Read ing   Ca rds1  - 
GMT 
LAT 
LONG 
ALT 
ZEN 
AZIM 
SHDW ( i f  ZEN > 90:) 
HGHT ( i f  ZEN > 900,  H # 0) 
DIST ( i f  ZEN > 900, H # 0) 
H-HO ( i f  ZEN > 90 , H # 0 ,  N3 0) 
I f  a p a r a l l a x  c o r r e c t i o n  i s  made, a s t a t emen t  r ead ing  CORRECTED FOR PARALLAX 
i s  punched  between ALT and ZEN. 
A b r i e f  g l o s s a r y  i s  followed by  a l i s t i n g  of  the  program. 
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GLOSSARY 
N1 
N2 
N3 
SIDM 
PAR 
RA 
DRAl  
DRAO 
DE 
DDE 1 
DDE 0 
GMT 
FLAT 
FLONG 
H 
ALPHA 
DELTA 
S I D G  
S I D L  
HH 
cz 
sz 
CA 
SA 
ZEN 
AZIM 
P 
R 
number of observer input coordinates  per  set  of ephemeris input, 
1 5 N1 5 99 
number of output heading  cards, 0 - < N2 5 99 
if not zero, program calculates H-HO 
sidereal time  at zero hours GMT 
horizontal parallax 
right ascention  at zero hours GMT 
upper difference of right ascension 
lower  difr'erence of right ascension 
declination at zero hours GMT 
upper  difference of declination 
lower difference of declination 
Greenwich mean time 
( U T )  latitude of observer 
(LONG) longitude of observer 
(ALT) altitude of observer 
right ascention at  specified GMT 
declination at  specified GKC 
sidereal  time  of  the Greenwich meridian 
local sidereal time 
hour  angle 
cosine of zenith  angle 
sine of zenith  angle 
cosine of azimuth  angle 
sine  of  azimuth  angle 
zenith  angle 
azimuth  angle 
radius of earth in  units of  the equatorial radius 
radius of earth in kilometers at  the  specified  latitude  according  to 
Hayford's  spheroid 
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GLOSSARY (Continued) 
SHDW shadow h e i g h t  = z-h csc X 
HGHT (See  Figure 11) 
DIST (See F i g u r e  11) 
HHO H-HO, 2-h 
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C ZEN I TH, A Z  I MUTH,  AND M I  N I MUM RAY  HE I GHT  COMPUTAT 1 ONS 
C PROGRAMMED BY R V  S I L L A R S  
P l = 3 . 1 4 1 5 9 2 7  
1 READ92,   N1,   N2,   N3 
I F ( N 2 ) 1 0 , 5 , 1 0  
READ99 
3 PUNCH99 
5 PUNCH20 
I o D O ~ K = I  , r42 
READ93,SIDM,PAR 
READ93,  RA,  DRA1 , DRAO 
READ93,DE,DDE1 ,DDEO 
D021=1,N1 
READ93,GMT,  FLAT,  FLONG,H 
PUNCH26, GMT 
PUNCH21 , F L A T  
PUNCH22  FLONG 
I F ( H ) 9 , 4 , 9  
9 PUNCH27 ,!-I 
4 f F ( D R A 0 ) 1 5 , 1 3 , 1 5  
13 ALPHA=RA 
DELTA=DE 
GOT01 6 
1 5   T T = G M T / 2 4 . 0  
ALPHA=RA+(DRAO+DRAl+ (DRAO-DR~41)+~TT) ”~TT /7200 .0  
DELTA=DE+(DDEO+DDE~-F(DDEO-DDE~ );kTT);kTT/7200.0 
1 6 S I DC=GMT+;O. 00273 79 1 67 
S I DG=GMT+S I DM+S I DC 
S I DL=S I DG-FLONG 
HH=S 1 DL-ALPHA 
I-IHR=HH*O. 2 6 1  73939 
SHHR=S I F.1 ( H H R )  
CI-IHR=COS (HHR) 
PH 1 =FLATf;O. 0 1  7453293 
S P l i I = S I N ( P H I )  
C P H I = C O S ( P H I )  
DEL=DELTA;’:O. 01 7453293 
S D E L = S I N ( D E L )  
CDEL=COS(DEL) 
I F ( P A R ) 7 , 8 , 7  
7 PUNCI-Q~ 
PARR=4.348136QE-O6”;PAR 
SPARR=S I N (PARR) 
C=SQF?T(l  .O/CP) 
S=O. 93327733;‘:C 
CP=CPtI wk2+0.99327733;:( SPHI”‘”2) 
PSPH I =( S+O, I ~ ~ ‘ ; ~ ~ ~ ~ ~ O E - O ~ ~ ’ ~ I I - - I ) + ~ S P ~ ~  I 
AA=CDEL~kSI-iI-IR 
PCP!-I I =( c-I-0, 15677g~tOE-03~‘~I-1)‘~CPI-~l I 
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BB=CDEL"CHHR-PCPH I f'SPARR 
CC=SDEL-PSPH I;kSPARR 
AEC=SQRT(AA;kAA+-BB;kBB+CCCC) 
SI-IHR=AA/AB 
CI-IHR=BB/AB 
SDEL=CC/ABC 
AB=SQRT(AA;~AA+BB~:BE) 
CDEL=AB/ABC 
SZ=SQRT( 1. 0-CZ*CZ) 
ZENR=ATAN(SZ/CZ) 
8 CZ=SPHI:cSDEL+CPtl I;'cCDEL;kCHHR 
CA=( SDEL;kCPI-lI-CDEL+cSPI-l I;kCHi-lR)/SZ 
SA=-CDEL;':SHHR/SZ 
AZMR=ATAN  (SA/CA) 
I F ( C A ) 3 1 , 3 2 , 3 2  
32  1 F ( S A ) 3 3 , 3 4 , 3 4  
3 1 AZMR=AZMR+P I 
GOT034  
GOT034  
I F ( C Z ) 3 7 , 3 8 , 3 8  
33 AZMR=AZMR+2.Oi:-P I 
34 AZ I M=AZMRfr57 .295780 
3 7  ZENR=P I i -ZENR 
3 8  ZEN=ZENR>?57.295780 
PUNCI-190,  ZEN 
PUNCH91  ,AZ I M 
I F ( C Z ) 1 1 , 2 , 2  
1 1  P1=0.99832005+0.001683"t9~~C0S(2.0-/.PI-lI) 
P2=-0.00000355fcCOS  (4.0"PI- l  I )-EO. 0 0 0 0 0 0 0 1  {cCOS (6.O~~pI- l  I )
P=P 1 +P2 
X = 6 3 7 8 , 3 8 W P  
SHDW=W( 1. o/sz-1 . 0 )  
PUN C 1-12 8 , S 1-1 DW 
I F( I i )6 ,2 ,G  
6 t iGliT=( !i-S!-iDkl)+cSZ 
D I  S T = - ( R + H ~ C Z  
PUNCH94,  HGHT 
PUNCI-195,  D I S T  
I F ( N 3 ) 1 7 , 2 , 1 7  
1 7  IiHO=~-l-l-lGHT 
Purdc;.l96, t-II-lo 
2 PUNCH20 
PUNCH20 
GOT01 
92 FORMAT(3 12) 
93 FORt%T( 4 F 1 0 . 0 )  
99 FORMAT( 221-1 
20 FORMAT( 111 ) 
26  FORMAT(GH  GMT = ,F I~ .~ ,M- I  HRS) 
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21 FORMAT(6H LAT =,F12.5,41-1 DEG) 
22 FORMAT(6IiLONG =,F12.6,4H HRS) 
27 FORMAT(6H ALT  =,F12.6,Ltld Kt4 ) 
29 FORMAT(22HCORRECTED FOR PARALLAX) 
90 FORMAT(6H ZEN =,F12.6,411 DEG) 
91 FORMAT(6HAZIM =,F12,6,4H DEG) 
28 FORMAT(6HSHDW =,F12.6,4H KM ) 
94 FORMAT(Gli1iGHT =,F12.6,/tH KM ) 
95 FORMAT(6HDIST =,F12.6,41-1 KM ) 
9G FORMAT( GHI-I-HO =, F12.6,4l-i KM ) 
END 
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